Abstract-This paper considers specular coherent and noncoherent optimal detection for unresolved multipath Ricean fading channels with known delays. The focus is on receiver structures and performance. Specular coherent detection employs the carrier phase of the Ricean specular component, while noncoherent detection does not. Therefore, a specular coherent detector must be augmented with a carrier phase estimator for the specular component. The structures considered in this paper are generalization of the well-known Rake receiver to the unresolved multipath case. It is shown that both optimal structures perform a decorrelation operation before combining, which is essential to eliminating error floors under multipath unresolvability conditions. Furthermore, the noncoherent optimal receiver includes an inherent estimator for the specular component phasor. It is shown that the specular coherent and noncoherent structures converge at high SNR. This result is confirmed through analytical and numerical performance evaluation. Little performance gains can be obtained by the use of specular coherent detection for orthogonal frequency-shift keying and to a lesser extent for differential phase-shift keying over mixed mode Ricean/Rayleigh fading channels, making noncoherent demodulation attractive in these cases.
I. INTRODUCTION

S
YSTEMS for personal communication services have to operate in indoor and outdoor radio environments that are characterized as multipath fading channels. The effect of multipath fading and consequently the choice (or validity) of a channel model depends on the transmission bandwidth. Narrow-band systems (compared to channel coherence bandwidth) yield a flat fading channel [1] while wide-band systems yield frequency-selective channels. Diversity gains can be achieved over frequency-selective fading channels by the use of Rake receivers [2] - [4] or their variations [5] - [13] . Rake receivers exploit path diversity by using wide-band signals that resolve multipath [14] . Such bandwidth requirement can be achieved outdoors by spread-spectrum signals, but it is not practical indoors or in dense urban environments where up to 50 MHz would be needed [15] to resolve the small inter-path delays [16] , [17] . This paper considers detection techniques for unresolved multipath fading channels, thus not requiring bandwidth spreading. The best performance can be achieved when the channel realizations are available, implying that the channel impulse response or channel parameters have to be estimated. Carrier phase estimation in mobile environments is complex and may yield inaccurate estimates [18, p. 953 ]. An alternative is to use noncoherent detection at the expense of some performance degradation. Specular coherent detection, using the carrier phases of specular components only, yields little performance gains at high signal-to-noise ratio (SNR) for single-path Ricean channels [19] , [20] . The noncoherent optimal receiver for unresolved multipath Rayleigh channels with Doppler and known delays was derived in [21] . Its performance was considered in [22] only for signals that are orthogonal to all time shifts, resolving the multipath. Optimal receivers over two-path unresolved Rayleigh channels were derived in [23] for known delays and different levels of channel knowledge, assuming that the autocorrelation magnitude of the transmitted signal complex envelope at inter-path delays is independent of the signal shape. Two-fold diversity-like effects were found in the performance of envelope orthogonal frequency-shift keying (FSK) and variants of chirp or linear frequency sweep modulation. The noncoherent optimal receiver over unresolved multipath Ricean fading channels was derived in [24] . However, its performance was not evaluated and the corresponding specular coherent receiver was not considered.
This work considers unresolved multipath Ricean fading channels, focusing on similarities and differences between specular coherent and noncoherent optimal detection in terms of receiver structures and single pulse performance. For small inter-path delays, the effects of intersymbol interference (ISI) are negligible, making the single-pulse bound close to the achievable performance for sequential transmission. The multipath delays, assumed to be known, could have been estimated by using super-resolution techniques [25] , [26] or by sounding the channel with a wide-band pulse. The effects of path-delay estimation errors, which may degrade performance if they are not kept small, is beyond the scope of this paper. This paper is organized as follows. Section II presents the system model and receiver structures for unresolved multipath Ricean fading channels. Section III considers the error rate calculation for mixed mode Ricean/Rayleigh channels. The Ricean component can model a line-of-sight path [18] . Section IV presents a performance analysis of specular coherent and noncoherent detection as well as numerical results for variations of binary FSK and differential phase-shift keying (DPSK). Section V presents the conclusions.
II. SYSTEM MODEL AND RECEIVER STRUCTURES
A. Channel Modeling
Assume transmission of one of possible bandpass signals of finite energy over a multipath Ricean fading channel. Under hypothesis , the received signal is given by (1) where denotes the real part of the argument, and are independent circularly complex Gaussian random variables [27] with mean and variance . The multipath component phase shifts are either fixed and known, or unknown independent random variables uniformly distributed between and , and represents the complex envelope of the th possible transmitted signal. The multipath delays are assumed to be known and distinct. The channel noise is modeled by a zero mean white Gaussian process satisfying and statistically independent of the signal . For Ricean multipath channels, each path can be considered as the phasor sum of a Rayleigh component with uniformly distributed phase and a fixed (specular) component. To model absence of reference phase information (noncoherent detection), an additional random phase needs to be added to each multipath component, , yielding the model (1). In (1), can be expressed as where have the same joint probability density function (pdf) as since are zero mean circularly complex Gaussian. Therefore, whenever the 's are known, (1) represents a multipath Ricean fading channel that implicitly assumes that the specular component phases and amplitudes are known at the receiver (specular coherent detection).
Assume that , are contained in the interval [0, ]. Under practical conditions, the delayed signals are linearly independent over [0, ] for distinct multipath delays [14] . In this work, the multipath resolvability condition is not assumed. Finally, assume that , are continuous on [0, ], which is not too limiting since any square-integrable function can be approximated arbitrarily close in the Euclidean norm by a continuous function [28, p. 71] . This ensures the mean square continuity of , required for the existence of its Karhunen-Loève expansion [29, pp. 379-380] .
We use the following notation. Bold capital letters denote matrices and bold lowercase letters denote vectors, , and denote respectively the transposition, complex conjugation, and Hermitian conjugation. The th entry of a matrix is and the th entry of a vector is . We define . The baseband signal energy under is given by . The signal cross-correlation matrix between the hypotheses and , , is defined as .
The th signal correlation matrix is . The channel covariance matrix is defined as , where and .
B. Specular Coherent Optimal Decision Rule for an -Path Ricean Channel
In this section, we assume that the specular components amplitudes and phases are known at the receiver (i.e., known ). Multipath Ricean channels when is fixed yield the classical problem of detecting a Gaussian signal in additive white Gaussian noise [29, pp. 419-421] . A minimum probability of error receiver forms the likelihood ratio between each hypothesis and a null hypothesis . With equiprobable hypotheses, the decision is made in favor of the largest likelihood ratio [29, p. 11] . The discrete representation of follows from the Karhunen-Loève expansion that exists since is a second order mean-square continuous process [29, pp. 379-380] . The covariance function of given is (2) where and , the covariance function of , given is (3) with and . As shown in [24] 1 has at most positive eigenvalues which are those of the matrix and has corresponding eigenfunctions given by (4) where 2 , is an matrix that satisfies the equations
where is the identity matrix and denotes the diagonal matrix defined by . The signal Using the Karhunen-Loève expansion of , it can be shown [14] that the likelihood ratio associated with the specular coherent optimal scheme (SPECCOH) , for short, is given by (7) where ,
(11) i.e., (12) and the integrals in (11) and (12) are Wiener integrals.
Since the term is independent of the hypothesis , an equivalent decision variable is obtained by removing this term from (7) . The variable can be obtained from , and [see (12) ] can be obtained by using a bank of matched filters [24] . When for all , the variables can be generated by sampling the output of the matched filter for , at , as shown in Fig. 1 , or by using a tapped-delay line after the matched filter.
When the multipath is resolved (i.e., , , ), (7) reduces to [3] , [30] (13)
The receiver implementing (13) is the specular coherent optimum receiver for resolved multipath fading channels and is denoted SPECCOHR in this paper.
Since the linear transformation on the signals [see (4) ] is invertible, the th hypothesis (1) can be equivalently expressed as (14) where , , while are orthogonal signals of same energy as . When is fixed, for all the new random vector is Gaussian with mean and covariance [14] . Therefore, under each hypothesis, the received signal can be represented as a linear combination of orthogonal functions weighted by uncorrelated circularly complex Gaussian random variables, similar to the resolvable multipath case.
Using (5) with several matrix manipulations, the specular coherent likelihood ratio when the multipath is unresolved (7) can be rewritten as (15) Noting that for fixed is Gaussian with mean given by (9) and covariance , it is seen from (13) and (15) that the specular coherent optimal receiver for unresolved multipath Ricean channels consists of an orthogonalization (or decorrelation) stage that transforms into , and then implements a resolved multipath optimal decision rule for . Note that besides the orthogonalization of the signals , the matrix also performs statistical decorrelation in the sense that the new variables , unlike , are uncorrelated as coefficients of the Karhunen-Loève expansion of . The decorrelation stage of unresolved multipath fading channels optimal receivers was already identified for Rayleigh channels [24] and thus is generalized here to Ricean channels with specular coherent detection.
C. Noncoherent Optimal Decision Rule for an -Path Ricean Channel
The likelihood ratio associated with the SPECCOH scheme corresponds to the conditional likelihood ratio (given ) associated with the noncoherent optimal receiver (OPT) given by (7). Thus, the noncoherent likelihood ratio is obtained by integrating (7) 
where , and are given by (5), is given by (10) , and are respectively given by (8) and (9), and are respectively given by (11) and (12), denotes the diagonal matrix composed of the main diagonal entries of , and denotes the lower triangular matrix composed of the lower triangular elements of with zero main diagonal entries. It can be shown that the closed-form solution of the integral of is the sum of multidimensional infinite series of products of Bessel and trigonometric functions [14] .
From (16) to (20) it is seen that the OPT scheme uses the same decision variables as the SPECCOH scheme does. Thus, when for all , the receiver of Fig. 2 is obtained. Note that the OPT structure is identical to the one of [24] up to a different random vector . However, it can be shown that of this paper [see (11) ] and of [24] ( ) are identically distributed. Therefore, identical receiver structures based on either version of are equivalent and yield the same probability of error.
D. Comparison of Specular-Coherent and Noncoherent Optimal Structures
Using (5) and (10), it can be shown that Thus, for a mixed mode Ricean/Rayleigh channel, i.e., , (22) Comparing (21) with (22) shows that the mixed mode noncoherent likelihood ratio can be obtained from the mixed mode specular coherent likelihood ratio by substituting the specular phasor in (21) with an estimate given by (23) From (23), it is seen that the specular phasor estimate is obtained by substituting the unknown phase by an estimate and then scaling the phasor by . The scaling factor acts as a soft limiter to reduce the phasor estimate effects at low SNR. Using asymptotical properties of , when is very large, then When is small, then reducing the contribution of the specular phasor estimate.
Assuming equally likely signals, the optimal receiver decision rule is obtained by selecting the hypothesis corresponding to the largest log-likelihood ratio. If the signals are further assumed to have equal energy, is identical under all hypotheses and dividing by we obtain an equivalent decision rule. The behavior of the SPECCOH and OPT schemes at high SNR is illustrated in the following proposition proven in the appendix.
Proposition 2.1: The SPECCOH and OPT scheme log-likelihood ratios "converge" almost surely (a.s.) to the same term as goes to infinity, i.e.,
At high SNR, the SPECCOH and OPT schemes use the same decision rule for equally likely equal energy signals, meaning that knowledge of the specular component phases is not necessary in this case. Section IV-A confirms this property in terms of performance for mixed mode Ricean/Rayleigh channels.
III. PERFORMANCE EVALUATION
The SPECCOH scheme is quadratic in a Gaussian statistic and the bit error probabilities over mixed Ricean/Rayleigh fading channels can be calculated as in [24] . The nonlinearities of the OPT scheme [see (16) ] make its performance analysis very tedious, if not impossible. Therefore, upper and lower bounds for the bit error probability of the OPT scheme are employed. Upper bounds are obtained by evaluating the bit error probability of suboptimum quadratic receivers (such as the QDR (various ), QR and R OPT schemes derived in [24] ) as a function of the received SNR per bit . For each value of , the lowest probability of error among all suboptimum receivers is retained to provide the tightest upper bound. An example for FSK with frequency deviation over a two-path mixed mode Ricean/Rayleigh fading channel is illustrated in Fig. 3 . For a two-path mixed mode channel where , is the relative Rayleigh component strength between the first and second path, is the Ricean parameter and is the energy per bit of the real signal. All two-path mixed mode Ricean/Rayleigh channels are labeled by the values of their parameters and and the relative delay between the first and the second path . For convenience, is expressed as a percentage of the duration of the signaling waveform ( ) and is expressed in decibels.
Lower bounds are obtained by evaluating the performance of the noncoherent optimum receiver over a Gaussian nonfading channel and the performance of the SPECCOH scheme from Section II-B over the considered mixed mode Ricean/Rayleigh multipath fading channel. For each received SNR per bit, the highest probability of error is retained to provide the tightest lower bound as seen by the example of Fig. 3 . As seen in Section II-B, the SPECCOH scheme is also quadratic. Therefore, the technique of upper and lower bounding the bit error probabilities of the OPT receiver requires performance evaluation of quadratic receivers.
We present now the method used for computing the bit-error probability of quadratic receivers in a Gaussian statistic. Let be the decision variable under hypothesis . The decision variables of a specular coherent receiver (SPECCOH, SPECCOHR) employ , while those of a noncoherent receiver (QDR, R OPT and QR) do not. In both cases, the decision variables may depend on through the received signal. With equiprobable equal energy binary signals, the bit error probability with held fixed is (24) where is a Hermitian quadratic form in jointly Gaussian random variables, and is a bias term such that . The probability of error is then obtained by averaging (24) over . Assuming equal energy signals, Table I presents the expressions of , and for the quadratic receivers considered in this paper.
It is known that (24) can be evaluated by integrating the pdf of , obtained from its characteristic function, [30] 
where , , and . Such integration can be performed by using the residue method; however, for Ricean channels, rendering this method is not practical due to the complicated exponential factor in [24] . Also, the dependency of on via the mean 3 implies that the pdf of needs to be integrated with respect to and , which presents difficulties. However, for mixed mode Ricean/Rayleigh fading channels, no integration with respect to needs to be performed [24] . For example, the pairwise probability of error can be evaluated by integrating numerically the following improper integral:
where , . The matrix is chosen such that it diagonalizes while satisfying , resulting in the diagonal matrix . Since the function increases monotonically to , the integration is carried over a finite range . It appears that the function is quite suitable for numerical integration. The MATLAB program was designed such that the absolute error formed by the sum of truncation error and numerical integration error was less than 1.7 10 [14].
IV. PERFORMANCE OF BINARY MODULATION SCHEMES OVER MIXED MODE RICEAN/RAYLEIGH FADING CHANNELS WITH OPTIMAL DETECTION
A. Convergence of the SPECCOH and OPT Performance at High SNR
Following Section III, the performance of the OPT scheme at high SNR will be studied by considering the upper and lower bounds provided, respectively, by the bit error probabilities of R OPT and SPECCOH. Let be the cumulative distribution function (cdf) of under for fixed , where the subscript indicates that it depends generally on . Similarly, let us define the function as in (27) . In converges also in probability. Let be the cdf of under for fixed . Then, at every continuity point of , [31, p. 23] , which says that converges in distribution. Note that the convergence will be uniform in any closed interval of continuity of [32, p. 9] . Considering , similar to (26) it can be shown that (29) where and are functions equivalent to and [see (27) and (28)] as tends to infinity. is continuous on , is continuous on and has a finite limit as tends to zero, hence is continuous on . It can be shown [14] that is uniformly convergent for , where is an upper bound for when given by (30) where , , and . Therefore, from (29) we have hence for both SPECCOH and R OPT we have since for both schemes Therefore, the bit error probabilities of the SPECCOH and R OPT schemes converge to the same value as tends to infinity. Since they are lower and upper bounds to the bit error probabilities of OPT, the bit error probabilities of SPECCOH and OPT also converge to the same value as tends to infinity. This performance result agrees with Proposition 2.1 concerning receiver structures. The complex envelopes for symmetrical DPSK [34] over a twosymbol interval are
B. Performance of the SPECCOH and OPT Schemes (Numerical Results)
Since with DPSK and SDPSK the transition between the carrier phase of consecutive bits carries the information, we have , thus for (S)DPSK , , 2, i.e., . Note that the present definitions of FSK and DPSK waveforms are not continuous on the observation interval [0, ] since they present discontinuities at and . However, they can be approximated arbitrarily close in terms of Euclidean distance by continuous complex waveforms on with compact support 4 since they are square integrable functions [28, p. 71] . Furthermore, the performance analysis of quadratic receivers does not use the continuity assumption.
Figs. 4-7 present the performance of the specular coherent (SPECCOH) and the noncoherent (OPT) optimum receivers over two-path mixed mode Ricean/Rayleigh fading channels with equal Rayleigh path strength ( ), and . Results similar to Figs. 4-7 are obtained when [14] . The SPECCOH bit error probabilities are represented by short dashed lines. Absence of those lines for some values of means that in that case the SPECCOH bit error probability is equal to the lower bound to the OPT bit error probability on the entire range of received SNR presented in this paper. The performances of the noncoherent and coherent optimum 4 The support of a complex function f on a topological space X is the closure of the set fx : f (x) 6 = 0g. receivers over a single path nonfading Gaussian channel, as well as the performance of the noncoherent optimum receiver over a two-path equal strength Rayleigh channel with are added as references.
Figs. [4] [5] [6] [7] show that the lower and upper bounds for the OPT scheme are tight at high SNR for FSK(1) and DPSK, but are less tight for FSK(1/2) or SDPSK. For FSK this phenomenon can be explained for one-path fading channels as follows. On one-path Ricean channels, the probability of error for coherent detection depends only on the real part of the cross-correlation coefficient [1] . Hence FSK(1) and FSK(1/2) with coherent detection have the same probabilities of error in this case. At high SNR, the best modulus of the signal cross correlation for noncoherent detection over one-path Ricean channels is zero [19] and FSK(1/2) having nonzero cross correlation performs worse than FSK(1). Specular coherent detection with a sufficiently strong specular component has similar features to coherent detection. The gap between coherent and noncoherent detection over one-path Ricean channels is smaller for FSK(1) than for FSK(1/2).
Figs. 4-7 illustrate that the performance of the SPECCOH and OPT schemes improves as the Ricean path dominates the Rayleigh path, tending to the performance for a Gaussian channel. It is also seen that for both detection techniques DPSK (and SDPSK) give the best performance. For example, at high SNR DPSK detected with the OPT scheme gives at least a 3.6-dB improvement compared to FSK(1/2) and at least 4.2 dB compared to FSK(1) in the error probability range 10 -10 , but 3 dB are gained because the observation interval used with DPSK is twice the one used with FSK. Figs. 4 and 5 show that for dB at high SNR ( dB), performance of the OPT scheme is better with FSK(1/2) than with FSK(1), while for lower SNR ( dB) FSK(1) performs better. For dB, FSK(1) performs better than FSK(1/2) for all SNR values, confirming our earlier observation that with a sufficiently strong specular component the zero cross-correlation feature of FSK (1) is an asset with the OPT receiver. Table II presents typical SNR gains (evaluated by the upper bounds) that can be obtained by using SPECCOH instead of the OPT scheme for three bit error probabilities, 10 (speech) and 10 , 10 (data). SNR gains greater than 2 dB are set in boldface indicating cases where specular component phase estimation may yield significant improvement. Table II and Figs. 4 and 6 show that little performance gains can be obtained by the knowledge of the specular term phase for FSK (1) and to a lesser extent for DPSK (ex. maximal gain of 0.2 -0.7 dB for FSK(1) and 0.8-1.2 dB for DPSK at ). Lower gains are obtained for lower values of and for higher SNR. These observations along with the difficulties inherent in phase estimation justify the use of noncoherent detection for FSK (1) or DPSK especially at high SNR. It may be argued here that the OPT scheme is more complex than the SPECCOH. However, as shown by Table II , the loss in performance of the simpler noncoherent suboptimum scheme QDR ( ) compared to SPECCOH is also small. Table II and Figs. 5 and 7 show that significant gains can be obtained for FSK(1/2) and SDPSK by the knowledge of the specular component phase (ex. maximal gain of 3 dB at with dB and 1.8 dB at with dB for FSK(1/2), 1.5 dB at with dB and 1.8 dB at with dB for SDPSK). Gains larger than 3 dB are also obtained for FSK(1/2) with dB favoring the use of coherent detection for FSK(1/2). At very low SNR ( -dB), all modulation schemes yield significant losses (around and greater than 2 dB). These represent the losses of OPT with respect to SPECCOH, assuming perfect Ricean specular term phase estimation. However, at such low SNR, the specular term phase estimate is very likely to be imperfect and this will degrade the performance of the SPECCOH scheme, thus lowering the losses of OPT with respect to SPECCOH.
Little performance gains with specular term phase estimation at high SNR and lower gains with lower values of have been already noticed over one-path Ricean channels for binary signaling with complex cross-correlation coefficient magnitude ( ) varying from 0 to 0.95 [19] and for binary orthogonal signaling ( ) [20] . Note that, in [19] , the convergence between specular coherent and noncoherent detection over one-path Ricean channels is said to be better for large , which is true when comparing FSK(1/3) ( ) with FSK(1/2) ( ). However, it can be shown numerically that the convergence for FSK(1) ( ) is better than for FSK(2/3) ( ) which is better than for FSK(1/2) ( ). Such observations agree with results in our paper for mixed mode mode Ricean/Rayleigh channels, where the convergence for FSK (1) was shown to be much better than for FSK(1/2). The convergence of one-path Ricean specular coherent and noncoherent performance at high SNR was explained by the fact that the phase of the received signal has a contribution from the channel random component, so knowledge of the specular term phase provides only partial information [20] . At high SNR, the fading is causing the most degradation, making phase estimation less important in that case. Fig. 8 presents bit error probabilities of the unresolved multipath Ricean channels specular coherent optimum receiver (SPECCOH) and the resolved multipath Ricean channels specular coherent optimum receiver (SPECCOHR) over two-path unresolved mixed mode Ricean/Rayleigh fading channels. The main difference between these two schemes is that SPECCOH implements the decorrelation operation while SPECCOHR does not. From Fig. 8 , it is seen that with FSK(1/2) and DPSK the SPECCOHR scheme yields error floors, which are eliminated by SPECCOH. This shows the importance of the decorrelation operation to handle path unresolvability for specular coherent detection. From Figs. 4-7 , the OPT bit error probabilities have no error floor similar to the SPECCOH. This suggests that the decorrelation operation also eliminates error floors for noncoherent detection as well [14] . 
C. Effect of the Decorrelation Operation (SPECCOH Versus SPECCOHR)
V. CONCLUSION
This paper considered specular coherent and noncoherent optimal detection for unresolved multipath Ricean fading channels, emphasizing receiver structures and single pulse performance. Specular coherent detection needs estimation of the specular term phases, while noncoherent does not. It was shown that for mixed mode Ricean/Rayleigh fading channels the noncoherent likelihood ratio can be obtained by substituting the specular component phasor of the specular coherent likelihood ratio by an estimate. It was also shown that the specular coherent (SPECCOH) and noncoherent (OPT) optimal receivers converge to the same structure at high SNR for equally likely equal energy signals.
The performance of the SPECCOH scheme was assessed by calculating its exact bit error probabilities. Due to the nonlinearities of the OPT scheme, its performance was assessed by using asymptotically tight lower and upper bounds to its bit error probabilities. For FSK(1) and, to a lesser extent for DPSK, at sufficiently high SNR, the performance loss due to the lack of specular term phase knowledge is quite small (0.2-0.7 dB loss with FSK(1) and 0.8-1.2 dB loss with DPSK, at ), not justifying the use of carrier phase estimation. For FSK(1/2) and SDPSK, the performance degradation is larger (0.5-1.8 dB for FSK(1/2) and 1.2-1.5 dB for SDPSK at ) with losses greater than 2 dB at for FSK(1/2). Thus, noncoherent detection could be of interest for FSK (1) and DPSK, while specular phase estimation may be needed for FSK(1/2).
Finally, we showed that the specular coherent optimal receiver over unresolved multipath Ricean channels includes a decorrelation stage and then implements a resolved specular coherent optimal decision rule. The decorrelation operation is also present in optimal noncoherent detection structures. The importance of the decorrelation operation in yielding diversity gains and eliminating the error floors was demonstrated for commonly used binary modulation schemes such as FSK and variants of DPSK over unresolved mixed mode Ricean/ Rayleigh fading channels.
APPENDIX
A. Proof of Proposition 2.1
, , are independent of . Hence, since the term is deterministic, converges a.s. to as tends to infinity. From (10), , and from (7) the SPECCOH log-likelihood ratio satisfies a.s.
and from (17) in (16) satisfies a.s.
The function given by (18) and (33) is obtained using and (18)- (20) . Hence, from (16) and (32), the log-likelihood ratio for the OPT scheme satisfies a.s.
Comparing (31) and (34) completes the proof.
